A molecular rotor with a fluorescence lifetime depending on the local viscosity of its surroundings has been successfully used as a probe to monitor local viscosity changes during the bulk radical polymerization of methyl methacrylate.
The diffusion of monomer, polymer and initiator molecules plays a pivotal role in the kinetics of polymerization and therefore also in the properties of the produced polymers. In particular, chain termination, chain propagation and radical formation depend on local viscosity and these processes reach the diffusion limit at a certain conversion. 1 Changes in viscosity are especially pronounced during bulk polymerization reactions. As a consequence, interesting kinetics such as the Trommsdorff effect appear.
Bulk viscosity 2 can be measured with several methods such as viscometry, rheometry or dilatometry. 3 However, these methods probe only the macroscopic viscosity and lack an insight into the molecular level. Fluorescence spectroscopy and microscopy methods allow for measurements of different observables which, depending on the chosen sensing dye, 4 can be related to the local environment, 5 in particular local viscosity. Translational and rotational diffusion are of special interest among the aforementioned observables. They can be determined by uorescence correlation spectroscopy (FCS), 6,7 wide-eld uorescence microscopy, 6,8 uorescence recovery aer photobleaching (FRAP) 9 and uorescence anisotropy measurements. 10 Furthermore, the changes in local viscosity during polymerization can also be followed using excimer formation, 11 collisional uorescence quenching, 12 or changes in quantum yield of molecular rotors. 13 Due to the change of photophysical parameters, molecular rotors have proven to be an ideal probe for the local viscosity. In particular, the BODIPY-C12 dye (1, see Scheme 1) has attracted considerable interest in chemical, physical and biological applications. Two strategies for determining the viscosity via the uorescence properties of molecular rotors have been presented in the literature: a ratiometric 14 and a lifetime approach. 15 Both offer the advantage that the measurement is independent of the dye concentration.
The lifetime approach has been used to follow a sol-to-gel process during the hydrogelation of gelrite and the formation of an inorganic polymer from tetraethyl orthosilicate. 16 For biological applications it generated interest especially in the eld of intracellular viscosity imaging. 15, [17] [18] [19] [20] In our present work, we demonstrate that uorescence lifetime measurements of probe 1 can elucidate local viscosity changes during the radical bulk polymerization of methyl methacrylate initiated by the azobisisobutyronitrile-(AIBN-) derivative 2 (see Scheme 1). The appearance of different lifetime components points to heterogeneities evolving during the polymerization process.
The uorescence lifetime of BODIPY-C12 1 was monitored during the radical bulk polymerization of MMA. Examples for uorescence decay curves at ve different conversions on a logarithmic scale are presented in Fig. 1 . It is evident that increasing conversion leads to an increase of the uorescence lifetimes. All curves were tted with a biexponential function (n ¼ 2) to appropriately t the measured time-correlated single photon counting (TCSPC) curves:
Herein, F IRF is the instrument response function, A i denotes the amplitude and s i the lifetime of the ith component. Additionally, we dened a weighted average uorescence lifetime according to eqn (2) .
As shown in Fig. 2 , the weighted average uorescence lifetime evolves similar to the monomer-to-polymer conversion as determined by Raman measurements using the method described by Chu et al. 21 (see the ESI †). Three different periods can be distinguished: the low conversion period, the gel effect period and the glass effect period. 22 At a conversion below ca. 20%, the uorescence lifetime of our probe just changes slightly indicating only a minor increase in viscosity of the polymerizing solution. In the period between ca. 20% and 70% conversion, a signicant auto-acceleration is caused by the Trommsdorff effect which is pronounced during the bulk polymerization of MMA. In this regime, the lifetime increases rapidly from 1 ns to 3.8 ns. We veried in previous work that this effect is not due to a temperature-rise in our polymerization system. 6 With the onset of the glass effect period at conversions higher than 70%, the rise in conversion and uorescence lifetime attens down and becomes constant at a later stage aer long curing time.
Analysis of the different lifetime components according to eqn (1) showed that the change of the weighted average uorescence lifetime in the auto-acceleration regime is not mainly caused by an increase of the two lifetimes themselves but rather by a signicant change in their amplitudes. In fact, the long lifetime increases from 1.80 to 4.32, whereas the short lifetime only increases from 0.43 to 0.85 within a conversion of 60% (see Fig. 3 ). At very low conversion, only the short lifetime can be observed. However, already at 10% conversion a second component appears which gains increasingly more weight especially during the auto-acceleration period through mere inspection of the amplitude fractions in Fig. 4 . At a conversion of 60%, the two components show approximately the same amplitude. This does not change in the nal period, i.e. the glass effect period, even aer several days. However, in this regime the uorescence lifetimes of both components still increase presumably due to curing effects (see Fig. 3 ). Typical uorescence lifetime curves and their ts for different conversions are presented in the ESI. †
The appearance of two different lifetimes points to two distinguishable fractions of probe molecules experiencing Fig. 1 Representative fluorescence decay curves measured by TCSPC at 6%, 16%, 30%, 47% and 69% conversion during the bulk polymerization of MMA using 0.5% of radical starter 2. Fig. 2 Temporal evolution of the conversion (black squares, left axis) and the weighted average fluorescence lifetime (red circles, right axis) of the BODIPY-C12 dye 1 during the polymerization of MMA with 0.5% of radical starter V70. Fig. 3 Fluorescence lifetimes of the BODIPY dye with respect to the conversion of MMA polymerized with 0.5% radical starter 2. The data points were recorded for 120 s with a laser power of 1-2 mW. Two distinct fluorescence lifetimes (black squares, red circles) were observed at conversions higher than 10%. From these data and the corresponding amplitudes, the weighted average fluorescence lifetime (blue triangles) was calculated. different local environments. One fraction exhibits a uorescence lifetime shorter than 1 ns up to a conversion of 60% and is not strongly inuenced by the polymerization process. We assume that this fraction of molecules is in regions of low polymer density. Thus, the rotation of bonds is comparable to the situation in a low-viscous solution. The fraction of probes with longer uorescence lifetimes shows more signicant changes with increasing conversion. It represents probes in regions where the polymer density has already evolved to a level where it signicantly hinders the rotation of the molecular rotors. These higher density regions grow during the polymerization process and therefore the fraction of molecules with a long uorescence lifetime is also enhanced. From these ndings, we deduce that the polymerization of MMA creates a mixture with signicant heterogeneity on the nano-to micrometre length scale, which is in agreement with previous results in our lab using single molecule tracking. 6 Surprisingly, even aer several days, two different lifetimes with approximately the same amplitudes remained, indicating that even aer the polymerization process has basically reached its end, the produced PMMA shows heterogeneity on the molecular level. The rotation of one half of the molecular rotors is still possible with a rate corresponding to a (nano)viscosity of ca. 0.200 Pa s (¼ 200 cP), as determined using the calibration curve from Levitt et al., 19 whereas for the other half of the probes, the viscosity exceeds 10 Pa s. At this point, an accurate determination of viscosity using uorescence lifetime measurements is not possible anymore because the lifetime is solely determined by the radiative uorescence rate and non-radiative processes become negligible (see also ESI, † Section 3). For our system, the uorescence lifetime reached a constant value of ca. 6 ns which was also observed in the nally produced polymer glass which possesses a macroscopic viscosity of at least 10 12 Pa s, according to the denition of the glass transition. 23 However, molecular rotors do not probe the macroscopic viscosity which is determined by motion of the polymer chains on larger length scales, but rather the dynamics in the direct neighbourhood to the molecular rotor. In analogy to the segmental motion of polymer chains, 24 the mobility of a molecular rotor depends on the fraction of free volume. Free volume is still present and can even be redistributed at temperatures below the glass transition temperature, as e.g. demonstrated by Vallée et al. using uorescence lifetime uctuations of uorescent dyes due to changes of the polarisability of the surrounding matrix. 5, 25, 26 In conclusion, we have shown that the polymerization of methyl methacrylate can be monitored using uorescence lifetime measurements of embedded molecular rotors. They probe the local viscosity of their direct surrounding and allow for the elucidation of structural heterogeneities evolving during the polymerization process. Three different stages with different evolution of their uorescence lifetimes can be distinguished, i.e. the initial period at conversions below 20%, the gel effect region between 20% and 70% and the glass effect regime at higher conversion. Therefore, uorescence lifetime measurements with molecular rotors are a very useful tool for in situ measurements of viscosity changes during polymerization processes.
